Recent experimental research has shown that Near Surface Mounted (NSM) technique has high potential to increase the load carrying capacity of continuous reinforced concrete (RC) slabs. This flexural strengthening technique is based on the installation of rectangular cross sectional carbon fibre reinforced polymer (CFRP) laminates into thin slits opened onto the top concrete cover at the intermediate supports and in the bottom concrete cover in the tensile zones.
INTRODUCTION
Extensive research has been conducted on the strengthening of reinforced concrete (RC) structures using an externally bonded fiber reinforced polymer reinforcement technique (EBR-FRP), based on the use of FRP sheets or laminates applied on the faces of the elements to strengthen. The available research in this topic has revealed that EBR-FRP strengthened systems tend to debond at relatively low strain of the FRP, mainly when high percentage of FRP is necessary to increase the load carrying capacity of the structure to strengthen (Barros et al. 2007 , Oehlers et al. 2007 ).
When applied to statically indeterminate RC beams and slabs, the premature debond of the EBR-FRP systems, as well as the linear-elastic brittle failure behavior of these composite materials, can be a serious restriction, not only in terms of attaining the aimed load carrying capacity for the strengthened structure, but also in terms of assuring the required level of ductility and moment redistribution (Spadea et al. 1998 , Oehelers et al. 2007 , Casadei et al. 2003 , Arduini et al. 1997 ).
The first research projects carried out with RC continuous elements were conducted using the EBR technique, and these strengthened elements have showed the tendency to fail by premature plate debonding (Vasseur et al. 2007 , El-Rafaie et al. 2004 , Sowa et al. 2005 , Oehlers et al. 2004 , Aiello et al. 2007 . In some of these works a significant moment redistribution capacity was claimed for FRP-strengthened elements (Oehlers et al. 2004 , Aiello et al. 2007 ), but a recent research indicates that the moment redistribution in continuous beams can decrease up to 50% (Rinaldi et al. 2008) .
The recent achievements in terms flexural strengthening effectiveness of the near surface mounted technique (NSM) enlarge the potentialities of FRP systems for new types of applications (Barros and Kotynia 2008) . This technique is based on the use of circular or rectangular cross sectional bars of carbon or glass fiber reinforced polymer materials (CFRP or GFRP), installed into pre-cut grooves opened onto the concrete cover of the elements to be strengthened. The effectiveness of NSM technique derives from the relatively high bond performance between FRP bars and concrete substrate, mainly those with a rectangular cross section, due to its relatively high perimeter/area ratio (De Lorenzis and Nanni 2002 , Täljsten et al. 2003 , Blaschko 2003 , Sena and Barros 2004 , Bianco et al. 2009 ). Furthermore, the NSM technique does not require surface preparation, and provides higher protection to the environmental conditions and vandalism acts.
Tests on simply supported RC members strengthened with NSM CFRP laminates have shown that NSM laminates debond at much higher strains than EBR CFRP strengthening systems (Blaschko 2003 , Barros and Fortes 2005 , Barros et al. 2007 . Therefore NSM strengthened members are expected to have a behavior that is more ductile than EBR strengthened members.
Since the majority of the tests carried out with NSM strengthened members have simply supported conditions, there is a lack of experimental and theoretical studies on the moment redistribution of statically indeterminate RC members strengthened according to the NSM technique. Relevant tests on continuous RC beams strengthened with NSM technique were conducted by Liu (2005) and Liu et al. (2006) . Nine two-span continuous beams were strengthened in the hogging region (intermediate support) with NSM high yield steel strips or with NSM CFRP strips and tested to determine the moment redistribution and ductility performance of the retrofitted elements. The results showed that the beams strengthened with NSM high yield steel and NSM CFRP laminates achieved a moment redistribution percentage of 39% and 32%, respectively. Additionally, it was found that the debonding strains when using NSM technique were considerably larger than those associated with EB plates, which justifies the relatively high moment redistribution levels observed in the NSM strengthened beams.
Bonaldo (2008) carried out an experimental program to assess the moment redistribution capacity of two-span RC slabs flexural strengthened with NSM CFRP laminates in the hogging region. The experimental program was composed of three series of three slab strips of two equal span lengths, in order to verify the possibility of maintaining moment redistribution levels of 15%, 30% and 45% when the load carrying capacity is increased in 25% and 50%. It was found that the NSM strengthening system applied to the continuous RC slab strips provided a relatively low increment of the load carrying capacity (did not exceed 21%) and the moment redistribution has decreased with the increase of the CFRP percentage. Additionally, this experimental program was analyzed using a FEM-based computer program in order to justify the relatively low performance of these strengthening systems, and an effective NSM flexural strengthening strategy was proposed (Dalfré and Barros, 2011a) . It was verified that, to increase significantly the load carrying capacity of this type of slabs, the sagging region needs also to be strengthened, using, for instance, NSM CFRP laminates in the bottom tensile surface of the two spans of the slab. Additionally, the results suggest that, if the NSM strengthening system is designed properly and precautions are taken to prevent shear or debonding failure, relevant moment redistribution levels can occur up to the final failure these strengthened elements.
Recently, an experimental program composed by one reference RC slab (SL15) and two slab strips (SL15s25a and SL15s25b) strengthened in both hogging (intermediate support) and sagging regions (loaded sections) was carried out (Dalfré and Barros, 2009a) . The amount and disposition of the steel reinforcement were the same as those used by Bonaldo (2008) , designed to assure a moment redistribution of 15%. The NSM CFRP systems applied in the flexural strengthened RC slabs were designed to increase in 25% to 30% the load carrying capacity of the reference slab, therefore these two slabs had a small difference in the percentage of CFRP applied in the sagging regions (
in SL15s25a and S f ρ =0.17% in SL15s25b). As a result, an average increment in the load carrying capacity of 29% was obtained. Additionally, it was found that the presence of the NSM CFRP flexural strengthening systems led to a decrease of the rotational ductility, but the displacement ductility was not detrimentally affected.
To contribute for a better understanding of the influence of the strengthening arrangement (hogging, sagging or both regions) and percentage of FRP in terms of load carrying capacity, moment redistribution capacity and ductility performance, a parametric study is carried out in the present work. This parametric study is performed by executing nonlinear analysis with a computer program based on the Finite Element Method (FEM), whose predictive performance is appraised by using the results obtained in the experimental program carried out by Bonaldo (2008) .
THE EXPERIMENTAL PROGRAM

Slab specimens and strengthening technique
To assess the influence of the NSM CFRP flexural strengthening technique on the moment redistribution capacity of statically indeterminate RC slabs, an experimental program composed of nine 120×375×5875 mm 3 RC slabs of two equal spans was carried out by Bonaldo (2008) . Three of the RC slabs were unstrengthened, forming a control set (SL15, SL30 and SL45), and six slabs were strengthened with CFRP laminates according to the NSM technique (SL15s25, SL15s50, SL30s25, SL30s50, SL45s25 and SL45s50). The notation adopted to identify each slab specimen is SLxsy, where x is the target moment redistribution percentage, η (15%, 30% or 45%), s indicates that the slab is strengthened, and y represents the target increase of load carrying capacity for the slab strip (25% or 50%), provided by the adopted CFRP-strengthening configurations. According to the CEB-FIB Model Code (1993), the moment (2008) . The design details of these slabs can be found elsewhere (Bonaldo 2008) . Figure 1 also represents the loading and the support conditions. Six LVDTs were equally distributed along the two spans of the slab (the LVDTs at the left and right loaded sections have the reference numbers 60541and 18897, respectively). Electrical resistance strain gauges, SGs, were installed on internal steel bars, concrete surfaces and on CFRP laminates, according to the arrangement indicated elsewhere (Bonaldo 2008) . 
Relevant results
The relationship between the applied load ( F ) in each loaded section of the two spans of the slab and the corresponding deflection, for the SL15 series, is represented in Figure 2 . The main obtained results of the performed tests for the three series are included in average increase of 8% and 16% was obtained for the load carrying capacity of the slabs strengthened for an increase of the negative bending moment of 25% and 50%, respectively. If laminates are only applied in the hogging region a plastic failure mechanism is almost coinciding with the formation of the plastic hinge in the hogging region, which is responsible for the small increase in terms of slab's load carrying capacity. A detailed justification for the relatively small increase of load carrying capacity provided by this strengthening strategy is justified elsewhere (Dalfré and Barros, 2011a) .
Furthermore, for the sake of example, Figure 3 shows the relationship between η (%) and the average applied load for the SL15 series, where it is visible that η has decreased with the increase of the percentage of CFRP laminates. For SL15 series the moment redistribution is almost nonexistent. In this Figure, To increase significantly the load carrying capacity of this type of slabs, the positive resisting bending moments need also to be increased, using, for instance, NSM CFRP laminates in the bottom tensile surface of the two spans of the slab.
In fact, adopting a flexural strengthening strategy composed by CFRP laminates applied in both hogging and sagging regions, Dalfré and Barros (2011b) obtained an increase in terms of load carrying capacity that has exceeded the target value (25%), and the moment redistribution capacity was not significantly affected.
PREDICTING THE BEHAVIOUR OF CONTINUOUS NSM FLEXURAL STRENGTHENED RC SLABS
Introduction
One of the main objectives of the present research is the execution of a parametric study to assess the influence of relevant parameters on the load carrying capacity, moment redistribution level and ductility performance of statically indeterminate RC slabs strengthened according to the NSM technique. However, the reliability of this study requires the use of a computational tool capable of simulating the relevant aspects of this structural system. For this purpose, a FEM-based computer program that includes several constitutive models for the nonlinear analysis of RC structures was selected (Barros et al., 2008) , and its predictive performance is appraised on the simulation of the tests carried out by Bonaldo (2008) , already briefly presented in the previous chapter.
For these simulations a constitutive model able to simulate the concrete crack initiation and crack propagation, the nonlinear concrete compression behavior, the elasto-plastic behavior of steel reinforcements and the elastic-brittle failure behavior of FRP elements was selected. According to the selected model, a concrete slab is considered as a plane shell formulated under the Reissner-Mindlin theory (Barros and Figueiras, 2001) . In this numerical approach the shell element is discretized in layers and each layer is considered in a plane stress state. A detailed description of this model can be found elsewhere (Barros et al., 2008) .
Predictive performance of the model
Due to the structural symmetry, only half of the slab is considered in the numerical simulations. Figure Table 4 are already affected by these reduction factors. The CFRP laminates were assumed as an isotropic material of an elasticity modulus of 160 GPa and null
Poisson's coefficient, since the consideration of their real orthotropic properties has marginal influence in terms of their contribution for the behavior of NSM strengthened RC slabs. Figure 7 compares the numerical and experimental loaddeflection curves for the slabs of SL15 series, where it is visible the quite good predictive performance of the adopted model. The effectiveness of the model is also visible on the evaluation of the strains in the steel bars, concrete and CFRP strips, as shown in Figure 8 . Due to lack of space only SL15s50 slab is analyzed in this work, but similar good predictive performance was obtained for all the tested slabs (Dalfré and Barros, 2009b) .
PARAMETRIC STUDY
Introduction
The computer program, which good predictive performance on the simulation of the behavior of the type of structures in analysis was confirmed in the previous chapter, was adopted to execute a parametric study for the evaluation of the influence on the load carrying and moment redistribution capacities of the following parameters: concrete strength class, the percentage of existing longitudinal tensile reinforcement, strengthening configuration and percentage of CFRP laminates.
Strengthening arrangements and numerical simulations
The arrangements of the steel reinforcement, dimensions of the cross section, support and load conditions are the same adopted in the experimental/numerical program for the reference slab strip of SL15 series ( Figure 1 ). However, distinct strengthening arrangements were applied in the hogging (H) and sagging regions (S), as shown in Figure 9 and Table 5 .
In the parametric study, the mechanical properties adopted for the concrete strength classes (C12/15, C25/30 or C35/45) were determined following the recommendations of Eurocode 2 and CEB-FIP Model Code 90 (Table 6 ). The values of the parameters adopted for the constitutive model used to simulate the behavior of the steel bars are those included in Table 4 . For the numerical simulations, the CFRP laminates of 1.4×20mm 2 cross sectional area were assumed as an isotropic material with an elasticity modulus of 165 GPa and null value for the Poisson's coefficient, since the consideration of their real anisotropic properties has marginal influence in terms of their contribution for the behavior of NSM strengthened RC slabs.
Relevant results
The slab strips can be classified in three different groups, due to the distinct adopted strengthening arrangements: (a) applied in the hogging region, (b) applied in the sagging regions and (c) applied in both hogging and sagging regions.
The notation adopted to identify a slab strip is SLx_y_w_z, where x is the moment redistribution percentage, η (15%), y is the concrete strength class (C12/15, C25/30 or C35/45), and w and z indicate the number of NSM CFRP laminates applied in the sagging or hogging regions, respectively. Therefore, SL15_30_4_2 represents a slab with a target η =15%, made by a concrete of f ck =30 MPa (in cubic specimens), and strengthened with 4 and 2 laminates in the sagging and hogging regions, respectively.
In the present parametric study, the formation of the second hinge (at the loaded sections, in the sagging regions) was assumed as the ultimate failure condition, therefore the numerical simulations were interrupted when the yield strain was attained in the tensile steel bars positioned in the sagging region. In the cases where the NSM CFRP laminates are only applied in the hogging region (H), the failure mechanism is governed by yielding of internal reinforcement in the hogging region, followed by the premature formation of the second hinge at the loaded section. In this case, the deflection at the formation of the plastic hinge in the hogging region and the deflection amplitude between the formation of both plastic hinges have decreased with the increase of the equivalent reinforcement ratio (due to the increase of CFRP percentage), (Breveglieri 2009 ). According to the results, no significant increase of load carrying capacity is obtained, which is in agreement to the experimental results registered by Bonaldo (2008) .
In the cases where the NSM CFRP laminates are only applied in the sagging region (S), the formation of the first hinge occurs for similar deflections, regardless the percentage of laminates in the sagging region, S f ρ . However, the deflection amplitude between the formation of a plastic hinge in sagging and hogging regions has increased with the increase of S f ρ . The increase of load carrying capacity is now more pronounced with the percentage of laminates than in the previous cases.
Finally, in the cases where the NSM-CFRP laminates are applied in both regions (H and S), the amplitude of deflection between the formation of the plastic hinges in the hogging and sagging regions is almost the same for the analyzed cases. The increase of load carrying capacity with the percentage of laminates, f ρ , is the highest amongst the three analyzed configurations, mainly up to the initiation of the plastic hinge in the hogging region.
Concerning to the concrete strength classes adopted in this study, it can be noted that the overall behavior of the strengthened slab strips was not significantly affected by this parameter.
The load carrying capacity index
The load carrying capacity index ( λ ) is defined as the ratio between the load carrying capacity of the strengthened Figure 10 and Table 10 . In this figure the relationships between ρ . For the slabs only strengthened in the hogging region (Figure 10a ), the increase of λ is less than 10%, which is in agreement to the experimental results obtained by Bonaldo (2008) . In the slab strips only strengthened in the sagging region (Figure 10b ), a maximum increase of 17% was obtained. As expected, to increase significantly the load carrying capacity of this type of slabs, a flexural strengthening strategy composed by CFRP laminates applied in both hogging and sagging regions should be adopted. According to the results, a maximum increase of 28% was obtained, which is in agreement to the experimental results obtained by Dalfré and Barros (2009a) . Additionally, the analysis of the results shows that the increase of the load carrying capacity is not so significant due to the relatively high steel reinforcement ratio ( 
Displacement Ductility Index
The displacement ductility (∆) is defined as the ratio between the displacements of the loaded section at the formation of the second and the first hinges ( 
Rotational Ductility Index
The rotational ductility (ν ) is defined as the ratio between the curvatures of the loaded section at the formation of the second and the first hinges ( In the hogging region, the rotational ductility decreases with the increase of the percentage of the CFRP laminates in the hogging region. In fact, values of χ µ smaller than 1 were obtained for some strengthening configurations, which means that these configurations have a detrimental influence in terms of rotational ductility performance However, the rotational ductility augments with the increase of ρ =0. In the slab strips strengthened in both sagging and hogging regions, χ µ <1. Therefore, in the slab strips strengthened in the sagging and hogging regions, the strengthened sections show an average rotational ductility index of 0.49, which means that the strengthened sections of a strengthened slab have a considerable lower rotational capacity than the corresponding sections of its reference slab.
Moment redistribution analysis
The moment redistribution index (MRI) is defined as the ratio between the η of a strengthened slab ρ . For slabs only strengthened in the sagging regions, MRI>1.0, which means that a strengthened slab has higher moment redistribution capacity than its reference slab. However, with the increase of the percentage of laminates in the hogging region, the MRI decreases.
To avoid a decrease in the moment redistribution capacity, CFRP laminates strips should be applied in both sagging and hogging regions, in appropriate percentages. Figure 14 shows that the moment redistribution index increases with 
CONCLUSIONS
This work explores the potentialities of the near surface mounted (NSM) CFRP laminates for the flexural strengthening of continuous reinforced concrete (RC) slabs, not only in terms of load carrying capacity, but also the moment redistribution and the ductility performance of this type of structures.
To evaluate the influence of the concrete strength class, the percentage of existing longitudinal tensile reinforcement and the percentage of CFRP on the strengthening effectiveness, moment redistribution capacity and ductility performance, a parametric study was carried out by executing material nonlinear analysis with a FEM-based computer program, which predictive performance was calibrated using the results of a previous experimental program. From the obtained results it can be pointed out the following main observations:
(i) The overall behavior of the strengthened slab strips is not significantly affected by the concrete strength class, as long as structural concrete strength classes, according the Model Code classification, are used;
(ii) The load carrying and the moment redistribution capacities strongly depend on the flexural strengthening arrangement;
(iii) The load carrying capacity of the strengthened slabs increases with ρ .
In the slab strips strengthened in both sagging and hogging regions, a considerable lower rotational capacity than its reference slabs was obtained.
The results evidence that the use of efficient strengthening strategies can provide adequate level of ductility and moment redistribution in statically indeterminate structures, with a considerable increase in the load carrying capacity.
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